Values of effective pulmonary blood flow (Q EP ) and cardiac output, determined by a non-invasive foreign gas rebreathing method (CO RB ) using a new infrared photoacoustic gas analysing system, were compared with measurements of cardiac output obtained by the direct Fick (CO FICK ) and thermodilution (CO TD ) methods in patients with heart failure or pulmonary hypertension. In 11 patients, of which three had shunt flow through areas without significant gas exchange, the mean difference (bias) and limits of agreement (p2 S.D.) were 0.6p1.2 litre : min − 1 when comparing CO FICK and Q EP , and k0.8p1.3 litre : min − 1 when comparing CO FICK and CO TD . When correction for intrapulmonary shunt flow was applied (i.e. calculation of CO RB ) in all 11 patients, the bias between CO FICK and CO RB was 0.1p0.9 litre : min − 1 , primarily because agreement improved in the three patients with significant shunt flow. In the eight patients without significant shunt flow, the agreement between Q EP and CO FICK was 0.3p0.9 litre : min − 1 . In conclusion, a foreign gas rebreathing method with a new infrared photoacoustic gas analyser provided at least as reliable a measure of cardiac output as did thermodilution. In the absence of significant shunt flow, measurement of Q EP itself provides a reliable estimate of cardiac output in heart failure patients. The infrared photoacoustic gas analyser markedly facilitates clinical use of the rebreathing method in general, which makes the method available to a larger group of clinicians working with patients with cardiovascular diseases.
INTRODUCTION
Measurements of cardiac output by standard methods, such as the direct Fick method (CO FICK ) or the thermodilution method (CO TD ), are time consuming and require cardiac catheterization, which is associated with a potential risk of adverse events. Therefore these methods are not feasible for routine patient monitoring in larger population groups.
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Foreign gas rebreathing with continuous analysis of ventilatory gas concentrations is an easy, safe and well established method for non-invasive measurements of effective pulmonary blood flow (Q EP ) [1] , which is equivalent to cardiac output in the absence of intrapulmonary shunt flow. In the past, measurements of Q EP and of cardiac output by foreign gas rebreathing (CO RB ) have been performed using mass spectrometers. Mass spectrometers, however, are bulky, difficult to operate, and require frequent calibration and maintenance. These factors have significantly limited the clinical application of measurements of CO RB .
More recently, an accurate infrared photoacoustic gas analyser has been introduced for the continuous analysis of ventilatory gas concentrations [2] . Compared with conventional mass spectrometers, this analyser weighs less, and is less expensive, more user friendly and stable, which markedly facilitates clinical use. Therefore we compared measurements of Q EP and CO RB obtained using the new infrared photoacoustic gas analyser with measurements of CO FICK (gold standard) and CO TD in patients undergoing cardiac catheterization.
METHODS

Subjects
Study subjects were recruited from a group of patients undergoing cardiac catheterization with measurement of cardiac output for diagnostic or follow-up purposes. The investigation was approved by the Ethics Committee of 
Experimental protocol
Two different experimental protocols were applied in patients diagnosed with heart disease or primary pulmonary hypertension (see Table 1 ).
Protocol 1
In the first protocol (10 patients), values of CO TD were compared with estimates of CO RB obtained by measuring Q EP by foreign gas rebreathing. CO TD was monitored continuously (see below) during 3-5 min, and immediately thereafter rebreathing (see below) was performed.
In most of the patients these measurements were repeated, so that a total of 20 comparisons were obtained. The protocol was repeated three times in one patient receiving infusion of incremental doses of a nitrate vasodilator.
Protocol 2
Acknowledging that the thermodilution technique is not the ' gold standard ' for measurement of cardiac output, a second protocol was performed where measurement of CO FICK (gold standard) was included. Another 11 patients participated in this experiment. In the resting patients, O # uptake was measured over 7 min, and CO FICK was determined (see below). CO TD was measured simultaneously. In one patient, a thermodilution catheter could not be positioned in the pulmonary artery, so that thermodilution measurements were performed in 10 patients only. Immediately after measuring O # uptake, measurement of Q EP by rebreathing was performed in duplicate (3-5 min apart) and subsequently averaged.
Measurement of CO TD
In both protocols, cardiac output was measured via a thermofilament catheter placed in the pulmonary artery and connected to a Baxter Vigilance2 CCO computer. Automated CO TD measurements were generated by the computer approx. every 50 s. Averages of the automated readings over the time interval of interest were used in the comparisons. ) were determined using standard formulae. In the one patient in whom a thermodilution catheter could not be positioned in the pulmonary artery, a multi-purpose catheter was placed in the pulmonary artery so that a mixed venous blood sample could be obtained. Oxygen uptake was measured using a mouthpiece connected to a breathing system with unidirectional flow (ventilation through the nose was prevented by a nose-clip) and an inspiratory differential pressure flowmeter. Concentrations of O # and CO # were measured at the inlet and in the mixed expired air (AMIS 2001 ; Innovision A\S, Odense, Denmark). From the ventilatory flow and the inspiratory and expiratory gas concentrations, O # uptake was calculated by a computer connected to the gas analyser system, with a specific software program using standard formulae. Furthermore, CO # excretion and the respiratory quotient (RQ) were determined.
Measurement of CO FICK (protocol 2)
Measurement of Q EP and CO RB
The rebreathing system used for measurement of Q EP has been described in detail previously [2] . The system consists of a three-way respiratory valve with a mouthpiece and a rebreathing bag connected to an infrared photoacoustic gas analyser (AMIS 2001 ; Innovision A\S) interfaced with a computer equipped with a specific software program. The software program functions as a user interface and controls the respiratory valve and gas analyser system settings, and stores retrieved gas concentration data on the computer for subsequent calculations.
Q EP was measured by rebreathing in a closed system (ventilation through the nose was prevented by a noseclip), which contained a gas mixture of 1 % SF Rebreathing was performed over 34 s with a gas volume of 30 % of the estimated vital capacity [3] and a breathing rate of 14 min −" . Gas was sampled continuously from the mouthpiece for analysis by the infrared photoacoustic gas analyser. A constant ventilation rate was ensured by having the subject breathe in synchrony with a graphical tachymeter on the computer screen (set at 14 min −" ), and a constant ventilation volume was ensured by requesting that the subject completely emptied the rebreathing bag with each breath. The rebreathing system software calculated Q EP from the rate of uptake of N # O into the blood [slope of the regression line through logarithmically transformed expiratory (i.e. alveolar) N # O concentrations plotted against time] after correction for system volume changes using the SF ' (blood-insoluble gas) concentrations. The first two or three breaths were excluded from the analysis due to initial incomplete gas mixing.
Because rebreathing determines Q EP (i.e. the nonshunted fraction of cardiac output) and not total cardiac output, we also evaluated the importance of correcting for shunted blood flow. Therefore in protocol 2 the measured Q EP was corrected for the fraction of cardiac output shunted through areas without significant gas exchange (shunt fraction). From the shunt fraction, shunt flow was calculated, and CO RB was determined as CO RB l Q EP jshunt flow. The shunt fraction was determined in each patient from the O # content of arterial and mixed venous blood samples and the calculated pulmonary capillary oxygen content (CcapO # ) using the standard formula :
was calculated using the standard formula : 
Statistical analysis
The agreement between values of CO FICK , Q EP , CO RB and CO TD was evaluated as suggested by Bland and Altman [4] . To improve clarity, however, ordinary scatterplots of the paired measurements are also presented.
RESULTS
In protocol 1, where only Q EP and CO TD were compared, Q EP tended to underestimate CO TD (Figure 1) , with a mean difference (bias) of 1.0 litre : min −" and limits of agreement (p2 S.D.) of p0.8 litre : min −" . Our further investigations in protocol 2 disclosed that the difference occurred because Q EP tended to underestimate and CO TD tended to overestimate cardiac output as compared with values of CO FICK (gold standard).
In protocol 2, the mean difference (bias) and limits of agreement (p2 S.D.) between CO FICK and Q EP were 0.6p1.2 litre : min −" ; when CO FICK and CO TD were compared this value was k0.8p1.3 litre : min −" . There- fore rebreathing provided at least as reliable an estimate of cardiac output as the thermodilution method (Figure 2A compared with Figure 2C ).
In three patients with low SaO # (Figure 2 ; patients denoted by open circles), indicating intrapulmonary shunting of blood through areas without significant gas exchange, Q EP tended to underestimate CO FICK . When correction for intrapulmonary shunt flow was applied (i.e. calculation of CO RB ) in all 11 patients, the bias between CO FICK and CO RB was 0.1p0.9 litre : min −" , primarily because agreement improved in the three patients with significant shunt flow (compare Figures 2A  and 2B ). If these three patients were not included in the analysis and correction for shunt flow was not applied, the bias and limit of agreement between CO FICK and Q EP was 0.3p0.9 litre : min −" . Thus measurement of Q EP provided a reliable estimate of cardiac output in heart failure patients in the absence of significant intrapulmonary shunt flow (indicated as SaO # 0.95).
DISCUSSION
The results of the present study demonstrate that rebreathing using an infrared photoacoustic gas analyser is a promising non-invasive method for the measurement of cardiac output in patients with heart failure. The method is safe and easy, which makes it suitable for more frequent monitoring of cardiac performance and systemic vascular resistance at rest or during exercise testing.
Foreign gas rebreathing is an established method for the measurement of Q EP and cardiac output [1] . Although the method has been applied extensively in basic cardiovascular research, the clinical application of rebreathing has been more modest. Previous [5] and more recent [6, 7] investigations indicate, however, that the rebreathing method possesses potential for clinical use. Until recently, accurate continuous measurement of gas concentrations during rebreathing was carried out mainly by the use of mass spectrometers. These instruments, however, are difficult to operate and require frequent calibration and maintenance, which has limited the clinical application of the rebreathing method. Thus the infrared photoacoustic gas analyser, which is easier to operate in a clinical setting, can make the rebreathing method available to a larger group of clinicians working with patients with cardiovascular diseases, and contribute to further clinical use and evaluation of the rebreathing method.
The results of the present investigation demonstrate that, in patients with heart failure, measurement of Q EP provides an estimate of cardiac output that are at least as reliable as the estimate obtained with a thermodilution method when compared with the direct Fick method. Another recent study in patients with pulmonary hypertension, where a mass spectrometer was used during rebreathing, also reported that measurement of Q EP by rebreathing provided reliable estimates of cardiac output [7] . Thus rebreathing measurements represent a promising technique for clinical monitoring of cardiac output in these groups of patients. However, clinical experience with the rebreathing method is modest, and further evaluation is needed.
Limitations of the rebreathing method for estimation of cardiac output may be divided into two principal categories (which may both be present in the same patient) ; (1) factors that cause errors in the measurement of Q EP itself, and (2) factors that result in discrepancies between Q EP and cardiac output. Theoretical simulation models have suggested that uneven distribution between ventilation, lung tissue volume, alveolar volume and pulmonary blood flow, similar to that observed in more severe forms of lung disease, may cause errors in the measurement of Q EP by rebreathing [8] . Thus the presence of pulmonary disease might present one obstacle to the use of the rebreathing method. The results of the present investigation indicate that moderate decreases in diffusing capacity (see Table 1 ) do not significantly invalidate the rebreathing method in patients with heart failure. Because ventilatory function was relatively well preserved in our patient population, we were not able to evaluate the effect of reduced ventilatory function on measurements of cardiac output using rebreathing.
Kallay and co-workers [5] , using a mass spectrometer, observed good agreement between Q EP determined by rebreathing and cardiac output determined by indicatordilution methods in a group of patients with various cardiopulmonary diseases with preserved pulmonary function. However, the agreement was weakened when patients exhibited either restrictive or combined restrictive and obstructive pulmonary disease. These authors concluded that the measured dead space during rebreathing expressed as a fraction of the inspired volume provided the best index with which to identify discrepancies between Q EP and cardiac output of more than 20 %. However, the same criterion resulted in falsepositive rates and positive predictive values of 6 % and 60 % respectively. Thus a generally useful and accepted criterion for discarding rebreathing measurements in patients with pulmonary disease has not yet been established. Further investigations will be needed to clarify the impact of reduced pulmonary function on rebreathing measurements in more detail.
Important information is, however, obtained from the insoluble (in our case SF ' ) gas concentration curve obtained during rebreathing. Complete mixing of gases within the alveoli is an important assumption of the rebreathing method. The SF ' gas concentration curve provides direct information in this regard, and is obtained automatically during each rebreathing measurement. Thus the rebreathing measurement contains an inherent evaluation of the degree of gas mixing. If the SF ' curve indicates incomplete mixing, e.g. by continuously exhibiting large breath-to-breath variations in inspiratory and end-expiratory (alveolar) concentrations, the measurement must be discarded. Because incomplete mixing invalidates the measurement of Q EP , regardless of the type and severity of lung disease, the SF ' curve may provide more useful information in regard to the validity of the measurement than other measures of pulmonary function.
Another potential source of error in the determination of cardiac output by rebreathing is the presence of shunted blood flow through areas without gas exchange, which will cause the measured Q EP to underestimate the true cardiac output. Kallay et al. [5] did not observe a significant correlation between venous admixture (shunt fraction) and the discrepancy between Q EP and cardiac output. However, it is shunt flow, not shunt fraction, that will be the more important determinant of the discrepancy between Q EP and cardiac output. A lower shunt fraction at a higher cardiac output may cause a larger shunt flow (and thus a larger discrepancy between Q EP and cardiac output) than a higher shunt fraction at a lower cardiac output. Our observations indicate that, when SaO # is normal (i.e. 0.95 or above), the error is small and Q EP provides a good estimate of cardiac output in patients with heart failure. Thus, from a practical clinical perspective, a normal SaO # confirmed by non-invasive measurements (pulse oximeter) combined with adequate gas mixing during rebreathing (confirmed by the SF ' concentration curve) would indicate that a reliable estimate of cardiac output can be obtained. If shunt flow is significant, however, correction for this might be needed, as indicated from our observations in three patients with pulmonary hypertension and low SaO # Finally, it should be pointed out that the rebreathing method also possesses potential for clinical application in a number of other diseases (e.g. essential hypertension, liver cirrhosis, diabetes, renal failure, and thyroid or adrenal dysfunction), where non-invasive evaluation of cardiovascular function might be preferred over invasive techniques.
In conclusion, the results of the present investigation demonstrate that a rebreathing method using an infrared photoacoustic gas analyser represents a promising noninvasive method for the measurement of cardiac output in patients with heart failure. The method could be useful for more frequent monitoring of cardiac performance and systemic vascular resistance at rest or during exercise testing. Compared with the mass spectrometer, the use of the infrared photoacoustic gas analyser markedly facilitates the clinical use of the rebreathing method in general, which makes the method available to a larger group of clinicians working with patients with cardiovascular diseases.
